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Abstract

An arrayof electrodesonwhichcellscouldbegrowndirectlywasfabricatedusingsiliconanisotropicetchingandathick-photoresistprocess
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ndemployedfor thedetectionof nitric oxide(NO) releasedfrom apopulationof adherentlygrowing humanumbilicalveinendothelialcells
HUVEC).Theelectrodesaretip-shapedandare40�m highof whichonly thetop15�m areexposedPt-tips.After electrochemicalinduced
odificationof the exposedPt tips usingNi phthalocyaninethe individual addressableelectrodetips weresensitive andselective for the
etectionof NO at an appliedconstantpotentialof 750mV. The silicon nitride insulationof the lower part of the tip electrodesprevented

he deathof the cells uponthe applicationof the working potentialat which NO wasdetected.It alsohelpedto avoid the perturbationof
heintegrity of thesensingchemistryimpartedon theelectrodesurfacethatcouldhave resultedfrom thecontactof theadherentlygrowing
ellswith theactive electrodesurface.The releaseof nitric oxide from HUVEC wassuccessfullymonitoredwith differentnumbersof tip
lectrodessimultaneouslyconnectedascombinedworkingelectrode.

eywords: Nitric oxide;Array of electrodes;Microfabrication;Modifiedelectrodes;Endothelialcells

. Intr oduction

Electrochemicaltechniqueshave beenidentified as the
ethodsof choice for the detectionand quantificationof

edoxactive biological speciesbecauseof their simplicity,
igh sensitivity, high speedandselectivity (Ciszewski and
ilczareck,2004; Xian et al., 1999,2000; Wightmanand
ichael,1999;Ravehetal.,1997;Taha,2004). However, the

uccessof suchdetectionsdependsto a large extent on the
lectrodesemployed.Thusthe processof electrodedesign,
abrication,electrodesurfacemodificationwith electroactive
atalysts,whereapplicable(Durst et al., 1997; Elliot and
urray, 1976;KissingerandHeineman,1996;Bard,1983;
rett and Brett, 1980), and the geometryof the electrode,
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play significantroles in determiningthe magnitudeof the
currentsignalsobtainablefrom aparticularredoxactivebio-
logicalspecies.For example,cylindrical electrodes(Privat et
al.,1997;Malinski andTaha,1992;Bediouietal.,1996) are
morecommonlyusedfor thedetectionof speciesin biological
mediumbecauseof thelargersurfaceareaandconsequentl
thehighercurrentsignalobtainedascomparedtodisc-shape
electrodes.

Array of electrodesareparticularlyinterestingfor thede-
tectionandanalysisof speciesof biologicalinterestnotonly
becausethe current signalsobtainedare additive (i.e. the
overall signalis asumof theindividual currentsignalsfrom
eachelectrodein thearray)therebyincreasingthesensitivity
(FletcherandHorne,1999), butalsousefulin caseswherethe
simultaneousmulti-analytedetectionis intended.For simul-
taneousmulti-analytedetection,the electrodesin the array
are normally individually addressableto pave the way for



fine-tuningthesensitivity andselectivity of eachelectrodein
thearrayto a particularanalyte(Oni et al., 2004;Castilloet
al., 2004).

The developmentof electrodeson which cells could be
grown directly is a major steptowardsachieving the goal
of obtainingelectrodesfor direct applicationin biological
environments.RecentattemptsatgrowingNO-releasingcells
on the surfaceof electrodearraysweresuccessful,but the
highworkingpotentialfor thedetectionof NO releaseledto
thedeathof thecellsmakingit difficult, or better, impossible
to detectNO releasefrom thecells(Oni etal., 2004).

In thisstudy, an arrayof Pt-tipmicroelectrodeswasfabri-
catedusingsiliconanisotropicetchingandathick-photoresist
process,allowing cellsto begrown in the“valleys” between
theelectrodes.It is only theupperpartof thetip thatis (con-
ducting),therestof thestructureis insulated.Thegrowth of
cellsonthe“valleys” preventedadirectcontactof cellswith
theelectroactive tip of thespike, therebyavoidingcell death
andmakesthedetectionof thereleaseof NO from thecells
possiblefollowing stimulationwith theappropriateagent.

2. Materials and methods

2.1. Chemicals
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Aldrich (Steinheim,Germany). Siliconwaferswereobtained
from WackerSiltronic (Burghausen,Germany).

2.2. Electrodearraypreparation

Thefabricationprocesswasdescribedin detailelsewhere
(Thiébaudetal., 1999). Briefly, thesilicon tipsareetchedin
KOH solutionandthenthe bottomSi3N4 passivation layer
is deposited.This is followed by the evaporationof Ta/Pt
layersthat are patternedby a lift-of f processto definethe
electrodes,connectingleadsandbondingpads.Thetoppas-
sivationlayerof siliconnitrideis depositedandopenedusing
thick-photoresisttechnologyandplasmaetching,exposing
the Pt on the upperpart of the tip andthe bondingpads.A
SEM imageof oneelectrodeandaschematicrepresentation
of its cross-sectionareshown in Fig.1 Theirregularfeatures
at thetip bottomoriginatefrom theanisotropicetchingpro-
cess.They consistof superimposedSi/Si3N4/Pt/Si3N4 layers.

2.3. Electrodesurfacemodification

The sensitivity of the electrodearray towardsnitric ox-
idewas improved by modificationwith nickel tetrasulfonate
phthalocyaninetetrasodiumsalt,a well establishedelectro-
catalystfor theoxidationof nitric oxide(Pereira-Rodrigues
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Hank’sbuffer (pH 7.4)wasusedin thisstudy. It waspre
paredfrom NaCl,KCl, NaH2PO4, MgCl2, CaCl2, NaHCO3
glucose,HEPESbuffer (all from Riedel de-Haen,Seelz
Germany), arginine (from Sigma, Steinheim,Germany
Nickel tetrasulfonatephthalocyaninetetrasodiumsalt,KOH
HF, N�-nitro-l-argininemethylester(l-NAME, a nitric ox
ide synthaseinhibitor) andbradykininwerepurchasedfrom

Fig. 1. Scanningelectronmicroscopeimageof onetip ele
 f anarrayandaschematicrepresentationof its cross-section.

et al., 2002;Pailleretetal., 2003).

2.4. Instrumentation

Petite ampere potentiostats(BAS Instruments,We
Lafayette,USA) wereusedfor the amperometricdetectio
of nitric oxidereleasedby adherentlygrowing HUVEC at
constantworkingpotentialof 750mV versusAg|AgCl.



2.5. Detectionof nitric oxidereleasefromcells

Humanumbilical vein endothelialcells (HUVEC) were
platedonthearraychipsin adensityof 2× 105 cellsperelec-
trodearrayin RPM-1641,supplementedwith 10%foetalcalf
serumat37◦C in 10%CO2 atmosphere.Theelectrodearray
was withdrawn from the incubatorandthe growth medium
was carefully replacedwith Hank’s buffer solution,pH 7.4.
Thentheelectrodeswereconnectedto petiteamperepoten-
tiostatsanda potentialof 750mV was appliedto the elec-
trodes.Whena stablebackgroundcurrentwas obtained,the
releaseof nitric oxidewasstimulatedbytheadditionof 20�L
bradykininsolution(80nM). For controlexperiments,nitric
oxidesynthasewas inhibitedby addingN�-nitro-l-arginine
methylester(l-NAME) to thecell culture.

3. Resultsand discussion

3.1. Designof theelectrodearray

Previouswork hasshown that theprolongedapplication
of a potentialof 750mV to cellsgrown directly on anarray
of electrodesledto thedeathof thecells(Onietal.,2004). To
overcomethisproblem,cellswerethengrown onCellagen®
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from interferingby diffusivecoupling,andto provideample
spacefor thecells to begrown on thearray. The individual
electrodesaretip-shapedwith a totalheightof about40�m,
andtheelectroactivetoppartof thetips is about17�m long.
The “valleys” betweenthe tip-shapedindividual electrodes
provide enoughroom for cells to be grown directly around
theelectrodes(seeFig. 2b).

3.2. Cell survivalonelectrodearrays

It is of utmostimportancethatthematerialwith whichthe
electrodearraywas constructedis biocompatible.The bio-
compatibility of the microelectrodearraywith cell growth
andsurvival wasinvestigatedby seedingthecellsandgrow-
ing them directly on the microelectrodearray. Cells were
foundtogrow well onthissurfaceusingstandardcellviability
(apoptosis)tests.Fig.3showsopticalmicroscopeimagesof a
HUVEC-modifiedelectrodearrayin bright-fieldillumination
to visualizethe tip electrodes(Fig. 3a) andthe immunocy-
tochemistryfluorescenceimageshowing thecytoskeletonof
thecellsafterstainingwith phalloidine(Fig.3b).Apart from
the visible densepopulationof cells in Fig. 3b, the tips of
the individual electrodescanbeseenprojectingbeyond the
planeof thecellsgrown onthewafer. Thecircle in Fig. 3b is
usedto markthetip of anindividualelectrode.
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embranesthat could be insertedinto the electrochemica
ell in orderto avoid thedirectcontactbetweentheelectrode
urfaceandthecells.Whilethisapproachpreventedcelldeath
senvisaged,it is not a completelysatisfactorysolutionin

hat the membraneintroducedan additionaldiffusion layer
nto thepathof nitric oxideonitsway fromthesecretingcells
o thesensorsurface.Thus,theelectrodearrayemployedin
hisstudywasdesignedto accommodatethedirectgrowth of
ells on the chip surfaceandconcomitantlyto allow for an
pplicationof theappropriateworking potentialto theelec-

rodewithoutadverselyaffectingthecellsorwithoutthecells
ffectingtheintegrity of themodifierontheelectrodesurface
lso, additionaldiffusionalproblemsposedby theintroduc-

ion of amembraneto thediffusionpathof nitric oxidefrom
heNO-releasingcellsto thedetectorcanbecircumvented.

The individually addressableelectrodesof an electrode
rrayhave theadditionaladvantagethattheindividual elec-

rodescanbecombinedthusallowing to improve thedetec-
ion limit and the sensitivity of the NO detection.A SEM
mageof the electrodearray is shown in Fig. 2a while a
chematicrepresentationof the relative positionsof cells
rown directly on thechip surfacearoundthetip electrode
ndtheactivesurfacesof anindividualelectrodein thearray

s shown in Fig. 2b.
Eachelectrodearrayconsistsof 16individuallyaccessibl

lectrodesarrangedin four rowswith 14electrodetipsbeing
onnectedto contactpadson the printed-circuitboardon
hich thechip is gluedandpackedby meansof epoxyglue.
heelectrodesin eachrow are300�m apartwhile therows
re170�mapart.Thewideseparationbetweentheelectrode

n therowsandcolumnsis to preventneighboringelectrode
.3. Electrodesurfacemodification

Dueto thelow concentrationof nitric oxidein biological
ystems,electrodesurfacemodificationfor improved sensi-
ivity is required.Theelectrodesin thearraywereselectively
odifiedwith a well establishednitric oxidesensingchem-

stry (Pereira-Rodrigueset al., 2002;Pailleret et al., 2003)
asedon theelectrochemicallyinduceddepositionof nickel

etrasulfonatephthalocyaninetetrasodiumsalt onto the in-
ividual electrodesurfaces.The relatedcyclic voltammetry
ecordedduring the electrochemicaldepositionof the cata-
yst layeris shown in Fig. 4a.Theformationof afilm of this
hthalocyanineon the electrodesurfaceis indicatedby the
ppearanceandincreasein thepeakcurrentsof theanodicand
athodicsignalsat420and580mV versusAg|AgCl (Pereira
odrigueset al., 2002;Pailleretet al., 2003). Themolecular
tructureof nickel tetrasulfonatephthalocyaninetetrasodium
altis shown asaninsetin Fig. 4a.

The modified electrodewas characterizedby recording
ts cyclic voltammetryin 5mM solutionof [Ru(NH3)6]Cl3
n 0.1M KCl aselectrolyte.Theunmodifiedelectrodeonly
howedtheredoxcurrentdueto Ru3+/Ru2+ couple(Fig.4b,
urve i). An additional redox couple, superimposedon
u3+/Ru2+ was observed on the phthalocyaninemodified
lectrode(Fig. 4b, curve ii), which can be attributed to a
ifferencein the surfacesof the modified and unmodified
lectrode,largely dueto theelectrodepositedfilm of nickel

etrasulfonatephthalocyanine tetrasodiumsalt. The cyclic
oltammogramatthebareelectrodetip showsthetypicalRu
III)/Ru (II) reductionwaveasexpectedfor amicroelectrode



Fig. 2. (a)SEMimageof themicrostructuredelectrodearrayand(b) schematicrepresentationof therelativepositionsof cellsgrown directlyon theelectrode
arrayandtheactivesurfacesof theindividualelectrodetips in thearray.

On the Ni phthalocyaninemodified electrodesurface this
voltammetricwave is nearlyunchanged,however, at more
negativepotentialstheNi redoxwaveis overlayingontopof
the diffusion-limitedRu (III) reductioncurrent.The reduc-
tion processin theNi phthalocyaninelayeris obviouslyslow
probablydueto counterionsmovementwhile theoxidation
wave is fastandtheshaperepresentative for anadsorbedor
surfaceboundspecies.

3.4. Detectionof nitric oxidereleasefromadherently
growingcells

Having successfullycompletedthe preliminarystepsof
electrodefabrication, electrodesurface modification and
growing cellson theelectrodearray, thereleaseof nitric ox-
ide from endothelialcellsgrown directlyon thechipsurface
of the electrodearray was detectedafter stimulationwith

bradykinin.A constantpotentialof 750mV versusAg|AgCl
wasappliedtotheelectrodes,astablebackgroundcurrentwas
establishedandbradykinin(20�L, 80nM) wascarefullyin-
jectedinto thedropletof buffer solution(300�L) above the
cells,simultaneouslymonitoringthechangesin currentwith
time. A representative current–timeplot recordedis shown
in Fig. 5. The tracesshown in Fig. 5 were recordedwith
14 of the electrodesin the array, which were divided into
two parts(a) and(b) with eachpart consistingof 10 and4
electrodes,respectively. Eachpartwasconnectedto apoten-
tiostatusingthesamereferenceandcounterelectrode.Trace
(a) correspondsto the currentresponsefrom 10 combined
modified tip electrodeswhile trace(b) correspondsto the
currentsignalsrecordedfrom only 4 combinedtips. These
current–timetracesaresimilar to thoserecordedearlierfor
thedetectionof nitric oxidefromendothelialcellsusingposi-
tionedmodifiedmicrodiskelectrodes(Diabetal.,2003;Oni
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Fig. 3. Immunocytochemistry picture of HUVECs growing on the microarray. The cells were stained with phalloidine in order to visualize the cytoskeleton
of the cells. (a) Bright-field microscopy image for visualization of the electrodes and (b) fluorescence microscopy image showing the cytoskeleton ofthe
adherently growing cells. Circles were used to indicate the positions of a particular electrode in both images.

Fig. 4. (a) Repetitive cyclic voltammograms recorded during the electro-
chemical deposition of nickel tetrasulfonate phthalocyanine tetrasodium salt
onto the electrode surface. Its molecular structure is shown as an inset. (b)
Cyclic voltammograms of 5 mM solution of [Ru(NH3)6]Cl3 (in 0.1 M KCl
as electrolyte) recorded with (i) unmodified Pt microelectrode and (ii) Pt
microelectrode on which nickel tetrasulfonate phthalocyanine tetrasodium
salt has been deposited.

Fig.5. Current–timeplotsrecordedfor thedetectionof nitric oxidefromad-
herentlygrowingHUVECsafterstimulationwith bradykininwith (a)10and
(b) 4 individualelectrodesin thearrayconnectedto separatepotentiostats.

et al., 2003). Obviously, usingthemodifiedtip electrodesin
thearrayandthepossibilityto interconnectvariablenumbers
of the individually addressableelectrodetips, thereleaseof
nitric oxide from differentsitesof the chip surfacecanbe
explored.As a matterof fact, it would be advantageousto
give concentrationvaluesfor thereleasedNO derived from
relatedcalibrationcurves for NO. However, sincethe NO
concentrationat thesiteof theNO sensorsis mainlydefined
by thedistancebetweenthereleasingcellsandthesensors,
possiblesidereactionslikereactionof NO with oxygen,and
theestablishmentof acomplex diffusionprofile in thevicin-
ity of thecells, it is to our opinionnot possibleto correlate
theobservedNO oxidationcurrentswith theactualNO con-
centration.Evenmore,the local concentrationis correlated
with thenumberof cells releasingNO in thevicinity of the
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tip electrodes.Thus,calibrationgraphsin homogeneousso-
lutions do not give any valid correlationwith the complex
concentrationgradientsestablishedafter stimulatedrelease
of NOfromthecells,andhencecurrent–timeplotswereused
to representtheobtainedresults.However, it is obviousthat
thesecurrent–timeplotsareconcentrationdependent,since
thecurrentobtainedisdependentonthenumberof connected
electrodetips. Futurework is directedat developinga suit-
ablemulti-potentiostatsystemwith sufficient sensitivity to
detectsimultaneouslythe NO releasefrom known areasof
thecell-modifiedchipsurface.

Contrarytotheearlierobservationof celldeathmadewhen
theworkingpotentialof 750mV wasappliedto theelectrode
on which cells wereseededandgrown directly, andconse-
quentlynodetectionof productsof cellularactivity couldbe
made,it waspossibletodetectthereleaseof nitric oxidefrom
cellsgrown aroundtheelectrodearrayin this study. This is
largely dueto thefact thatthecellswerenot grown directly
on theactiveelectrodesurfacewithin theDebyelayerof the
potentialdrop wherethe appliedpotentialcanbe passedto
thecell, thuspotentiallycausingcell death.Instead,thecells
weregrown aroundthe insulatedbaseof eachelectrodein
thearraywith theelectroactive tip of theelectrodebeingfar
abovethecell population,thuspreventingadirectcontactof
thetip with cells.Apart from thefactthattheelectrodearray
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Control experimentswereperformedto confirm that the
tracesshown in Fig. 5 aredueto the detectionof the nitric
oxide releasedfrom the cells, aroundthe electrode,at the
electrodesurface.The detectionexperimentwas repeated
with cells that were incubatedwith a nitric oxide synthase
inhibitor, N�-nitro-l-arginine methyl ester(l-NAME). The
additionof bradykinintothecellsdidnotresultin measurable
currentsignalsasshown in Fig. 6.

Thisunequivocallyconfirmsthatthecurrentsignalsshown
in the tracesin Fig. 5 aredueto the oxidationof the nitric
oxide releasedby the cells aroundthe electrodearray. This
arrangementfor thedetectionof speciesproduceddueto cel-
lular activitiescanfind widespreadapplicationin in situdrug
anddrugdeliverytestsoncells,eliminatingtheoften-tedious
procedureof complex separationstepsbeforeanalysis.

4. Conclusion

A microelectrodearrayconsistingof individuallyaddress-
abletip-shapedelectrodewith atotalheightof 40�m andan
exposedPtsurfaceat thetopof thetip with aheightof about
15�m. This electrodeconfigurationallowed for the direct
growth of cellson theareaoccupiedby theelectrodeswith-
outmakingcontactswith theactiveelectrodesurface,hence
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preventedcell death,it alsoeliminatedtheproblemsof NO
diffusionintroducedby growing cellsonamembrane.Whe
cellsaregrownonamembranethatis locatedatacertaindis
tancefrom the electrode,the speciesreleasedfrom the ce
will notall diffusedownwardstowardstheelectrodesurfac
for detection.But onemayarguethatthebulk concentrati
will be thesameaftera shortwhile. This is only tenablei
caseswherethespeciesbeingdetectedis notsensitive to th
ambientenvironmentalconditions.In a caselike the dete
tion of nitric oxide,a uniform bulk concentrationconditio
will never be achieved becauseof its instantaneousreactio
with oxygen.

Fig.6. Current–timeplot thatshowednonitric oxidereleasewhenendoth
lial cells were first incubatedwith the nitric oxide synthaseinhibitor
NAME.
protectingtheadherentlygrowing cells from the impactin
ducedby theworkingpotentialappliedto thetip electrode
The electrodesof the array were modified with a layer o
Ni phthalocyaninefollowing an electrochemicallyinduce
depositionscheme,and thus the modified electrodeswe
subsequentlyemployed to detectthe releaseof nitric oxid
from adherentlygrowing endothelialcellsuponstimulatio
with bradykinin.This processhasnot beenpossiblethusfa
becauseof cell deathoccasionedby a prolongedandcon
tinuousapplicationof the ratherhigh working potentialo
750mV to thecellswhenthey aresituateddirectlyonthea
tivesurfaceof theelectrode.Thisnew electrodedesignoffe
muchfuturepromisefor facilitatingdrugscreeningtests.
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